Background: The mammalian gut microbiota is a highly abundant and diverse microbial community that resides in the gastrointestinal tract. One major benefit that the gut microbiota provides to its host is colonization resistancethe ability to prevent colonization by foreign microbes, including diarrheal pathogens such as Clostridium difficile, Salmonella enterica serovar Typhimurium and diarrheagenic Escherichia coli. Methods: We conducted a literature review of the effects of the gut microbiota on infection by diarrheal pathogens. We used PubMed to search for relevant articles published before July 2016, as well as incorporated data from our laboratory. Results: The gut microbiota provides protection from diarrheal infections both by direct inhibition of pathogens and by indirect effects on host functions. Direct effects of the microbiota on diarrheal pathogens include competing for nutrients and producing metabolites that inhibit pathogen growth or virulence. Indirect effects of the gut microbiota include promoting maintenance of the gut mucosal barrier and stimulating innate and adaptive immunity. Conclusions: Human epidemiological studies and experimental infections of laboratory animals both demonstrate that antibiotic treatment can alter the gut microbial community and thereby reduce colonization resistance against diarrheal pathogens. Further research might lead to the development of next-generation probiotics that could be used to bolster colonization resistance and thus prevent travellers' diarrheal.
of germ-free animals (which completely lack a gut microbiota) and antibiotic-treated animals (whose gut microbial community has been disrupted) (Yurist-Doutsch et al. 5 and Keeney et al. 6 and references therein). Germ-free animals are extremely susceptible to diarrheal infections, including those caused by S. enterica serovars Typhimurium and Enteritidis-both of which cause gastroenteritis in humans-and Citrobacter rodentium, a natural mouse pathogen that is used as a model for the human-specific intestinal pathogens enterohemorrhagic E. coli (EHEC) and enteropathogenic E. coli (EPEC). In the case of Salmonella, oral infection of germ-free mice with as few as 10 colony-forming units (CFU) causes a lethal infection, whereas doses of 10 3 -10 9 CFU are required to kill 50% of mice with an intact gut microbiota. 7, 8 Specific pathogen-free (SPF) mice (which possess a gut microbiota) infected with C. rodentium develop self-limiting colitis, with clearance of the pathogen three to 4 weeks postinfection. While C. rodentium infections are not lethal in germ-free mice, the animals remain heavily colonized for at least 6 weeks post-infection (the maximum infection length assessed in the study), demonstrating that the gut microbiota is essential for clearance of this pathogen. 9 Since germ-free animals possess immature immune responses, 10 it is likely that the increased susceptibility of these animals to diarrheal pathogens results from both defects in the host response to infection and a lack of ecological competition from commensal microbes. Studies with antibiotic-treated animals have demonstrated that the gut microbiota provides protection against diarrheal infections even in immune-competent hosts. In SPF mice untreated with antibiotics, S. enterica serovar Typhimurium causes a systemic disease similar to human typhoid fever, with little Salmonella colonization in the gut. However, treating these animals with streptomycin 24 h prior to infection leads to increased Salmonella colonization and inflammation in the large intestine and increased faecal shedding of Salmonella relative to untreated animals. 11 Antibiotic-treated mice remain susceptible to Salmonella gastroenteritis up to 21 days post-withdrawal of antibiotics, even though the total number of microbiota in the gut has returned to normal levels by this time. 12 Susceptibility to Salmonella gut colonization can be induced by multiple antibiotics, including streptomycin, vancomycin and metronidazole, even though these antibiotics have differing effects on the composition of the microbiota community, 13 suggesting that it is a disruption of the stable gut community rather than changes in abundance of specific organisms that enables Salmonella to colonize the mouse gut. Antibiotic treatment is known to affect the metabolic activities of the microbiota 14 ; the resulting increase or decrease in abundance of certain host or bacterial metabolites could be one of the factors underlying the loss of colonization resistance. The relevance of these mouse studies to human disease is underscored by epidemiological evidence that humans are also more susceptible to Salmonella gastroenteritis following antibiotic therapy. 15 Perhaps the best-known antibiotic-associated pathogen in humans is C. difficile, the majority of cases of which are associated with previous antibiotic treatment, particularly fluoroquinolones, penicillins, cephalosporins and clindamycin. 16 These effects can be recapitulated in mice; oral treatment of mice with cefoperazone induces susceptibility to C. difficile-mediated disease 2 days post-treatment. 17 Mice that are treated with both cefoperazone and clindamycin remain susceptible to C. difficile for up to 6 weeks after antibiotic treatment is ceased. 17 As further evidence that C. difficile infection requires a breach in colonization resistance, recurrent C. difficile infections in humans have successfully been treated by restoring microbial communities using either stool transplants or synthetic bacterial communities, thereby reestablishing colonization resistance. 18, 19 Although antibiotic treatment induces susceptibility to numerous diarrheal pathogens in mice, it is important to note that the effects of antibiotics can be pathogen-specific. For example, as described above, streptomycin pretreatment increases Salmonella colonization, leading to inflammation in the large intestine, 11 while streptomycin treatment does not affect C. rodentium colonization or gut inflammation at 6 days post-infection. 20 In contrast, metronidazole pretreatment increases Salmonella gut colonization without increasing Salmonella-mediated inflammation, 13 which may be related to the direct anti-inflammatory effects of metronidazole 21 ; however, the same antibiotic increases C. rodentium-induced colitis without affecting C. rodentium gut colonization. 20 Although it is clear that the gut microbiota provides protection from numerous diarrheal infections, these studies illustrate the difficulties in predicting what effect antibiotic disruption of the microbiota may have on host susceptibility to specific infections. Although much is known about how the microbiota affects susceptibility to diarrheal pathogens such as Salmonella and C. difficile, less is known about its effects on common causes of travellers' diarrhea, such as enterotoxigenic E. coli (ETEC). However, the necessity of streptomycin pretreatment in a mouse model of ETEC infection 22 strongly suggests that the gut microbiota provides colonization resistance against this pathogen similarly to those described above. In addition, a recent study examining the microbiota of human volunteers before ETEC infection identified a biomarker panel of 32 microbiota taxa that could predict with 76% accuracy whether the subject would develop diarrhea after ETEC exposure, 23 suggesting that the composition of the gut microbiota has a major effect on ETEC's ability to cause disease in humans. Even more poorly understood is the interaction between the gut microbiota and non-bacterial enteric pathogens. In the case of the protozoal parasite Giardia lamblia, the gut microbiota appears to play a protective role. Mice purchased from two different suppliers differ in their susceptibility to G. lamblia infection; however, the normally susceptible mice can be made resistant to G. lamblia via co-housing with the resistant mice. 24 Since this resistance to G. lamblia infection can be abolished by treating the mice with the antibiotic neomycin, 24 resistance is likely due to transfer of microbiota from the resistant to the susceptible mice. Interestingly, some studies indicate that the gut microbiota might facilitate, rather than inhibit, norovirus infection. Antibiotic-treated mice infected with murine norovirus have a reduced viral titer compared with untreated mice, and certain gut microbes, including Enterobacter cloacae, stimulate the ability of human norovirus to infect human B cells in vitro.
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However, it remains unclear whether differences in microbiota composition between humans might predispose or protect individuals from norovirus infection.
Mechanisms of Microbiota-Mediated Protection
There are numerous mechanisms by which the gut microbiota provides colonization resistance (summarized in Figure 1 ). These can be divided into two broad categories: direct inhibition of pathogens, and indirect inhibition of pathogens via effects on the host. 26, 27 One major way in which the microbiota directly inhibits diarrheal pathogens is by competition for nutrients. Many gutdwelling bacteria use host-produced carbohydrates, such as the glycans covalently linked to the colonic mucin protein MUC2, as a carbon source. 28 In order to do so, some microbiota species secrete sialidases that cleave terminal sialic acid residues from mucin glycans. 29 The liberated sialic acid can then be consumed by any nearby bacteria that possess genes for sialic acid transport and catabolism, including those organisms that do not produce sialidase on their own. Interestingly, the amount of free sialic acid (i.e. not covalently attached to mucus) in the mouse cecum drastically increases 1 day post-treatment with antibiotics. 30 At this timepoint, mice are also more susceptible to infection with Salmonella and C. difficile, both of which are capable of consuming sialic acid but lack the sialidase needed to release sialic acid from mucus. 30, 31 Ng et al. 30 showed that mutants of Salmonella and C. difficile that are incapable of consuming sialic acid have a reduced ability to colonize the guts of antibiotic-treated mice. These findings suggest that antibiotic treatment kills many sialic acid-consuming microbiota but leaves some of the sialidase producers alive, such that there is less competition for free sialic acid. Thus, one way that antibiotic treatment fuels the growth of pathogens such as Salmonella and C. difficile is by reducing competition for nutrients including sialic acid.
The gut microbiota can also directly inhibit the growth of diarrheal pathogens. There are many ways in which this inhibition can occur, including secretion of bacteriocins (antimicrobial peptides) 32 or small-molecule metabolites such as secondary bile acids, 33 or via cell contact-dependent inhibitory structures such as the type VI secretion system. 34 In addition, microbiota species can also produce molecules that reduce pathogens' virulence. As an example, when Salmonella is grown in the presence of organic compounds from human faeces, the expression of its type III secretion genes, which are essential for its ability to colonize the gut, is reduced. 35 Correspondingly, Salmonella's ability to invade cultured human epithelial cells is diminished in the presence of human faecal extract. 35 The authors demonstrated that metabolites from lab-grown cultures of several microbiota species were capable of repressing Salmonella type III secretion, with Clostridium citroniae being particularly effective. 35 The microbiota may have evolved to produce such antivirulence metabolites in order to protect their intestinal niche against intruders like Salmonella. Alternatively, Salmonella could have evolved the ability to sense gut microbiota metabolites as a way of ensuring that virulence genes are expressed in the correct time and place during infection.
The microbiota also provides protection from diarrheal pathogens via its effects on the host. One important effect of the microbiota on the host is promoting gut barrier maintenance. The colonic epithelium is protected by a mucus layer, consisting of two distinct regions (reviewed in Johansson et al.
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). The inner mucus layer (nearest to the epithelial surface) is composed of dense mucin polymers and is essentially free of microbes. In contrast, the outer mucus layer (nearer to the lumen of the colon) is more loosely packed and inhabited by a variety of microbiota species. In addition to physically occluding pathogens from the epithelial surface, the mucus layer also protects the epithelium by retaining antimicrobial factors such as antimicrobial peptides and secretory IgA antibodies. 36 Signals from the microbiota play an important role in maintenance of this mucus layer, 37 as evidenced by the increased penetrability of colonic mucus in germ-free mice. 38 Mice treated with the antibiotic metronidazole develop a thinner inner mucus layer compared with untreated animals or those treated with streptomycin.
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When metronidazole-treated mice are subsequently infected with C. rodentium, they develop more severe colitis than untreated or streptomycin-treated mice. 20 Since C. rodentium localizes close to the epithelial surface earlier during the infection and penetrates deeper into colonic crypts in metronidazoletreated mice, thinning of the protective inner mucus layer is likely responsible for the more severe inflammation observed in these animals. 20 The gut microbiota is also known to stimulate both the innate and the adaptive immune system, 39, 40 thereby altering the susceptibility of the host to diarrheal pathogens. One such example originates from a study examining the outcome of C. rodentium infection in different strains of mice. In most strains of mice (including NIH Swiss), C. rodentium causes selflimiting colitis that resolves within three to 4 weeks. However, in several strains (such as C3H/HeJ), C. rodentium infections are fatal. 41 Since the resistant and susceptible strains of mice harbour substantially different gut microbiota communities, 42 a microbiota transplantation study was performed in order to Figure 1 . Inhibition of diarrheal pathogens by the gut microbiota. The gut microbiota inhibits diarrheal pathogens both directly (1 and 2) and indirectly (3 and 4) . (1) The gut microbiota competes with pathogens for nutrients such as free sialic acid. (2) Certain gut microbiota species produce metabolites that inhibit the growth or virulence of pathogens. (3) The gut microbiota promotes maintenance of the mucosal barrier, including secretion of mucin by goblet cells. (4) The gut microbiota also stimulate innate and adaptive immunity, including production of the cytokine IL-22, which acts on epithelial cells to increase production of antimicrobial peptides (AMPs).
determine whether differences in microbiota composition contribute to differing susceptibility to C. rodentium. When C3H/ HeJ (susceptible) mice received faecal microbiota from NIH Swiss (resistant) mice, they had significantly higher survival rates when subsequently challenged with C. rodentium compared with mock-treated mice that received faeces from susceptible mice. 42 The authors then examined the effect of microbiota transplantation on expression of the cytokine IL-22, which was previously known to be stimulated by the microbiota and to be important for protection against C. rodentium. 43, 44 They found that IL-22 levels were higher in the guts of resistant mice than in susceptible mice, and that levels of IL-22 were increased by transplantation of resistant microbiota, but not by mock transplantation. 42 Importantly, immunoneutralizing IL-22 by injecting mice with an anti-IL-22 antibody significantly reduced the ability of resistant microbiota transplantation to protect susceptible mice from C. rodentium lethality, 42 demonstrating that the induction of immune responses mediated by IL-22 is one mechanism by which the gut microbiota can protect against diarrheal infection.
Conclusions and Outlook
It is now clear that the outcome of infection with a diarrheal pathogen depends not only on the pathogen's intrinsic characteristics, but also on the health and immune status of the host and the level of colonization resistance provided by the gut microbiota. Currently, we cannot accurately predict the degree to which an individual's microbiota will provide colonization resistance against diarrheal pathogens. However, in the future, it may be possible to identify missing taxa or functions in an individual's microbiota and prescribe probiotics, prebiotics, or dietary modifications to strengthen protection against diarrheal infections. For example, a probiotic organism or cocktail that is exceptionally efficient at catabolizing free sialic acid might enhance colonization resistance against Salmonella and C. difficile. 45 As another example, Pop et al. identified a number of microbiota species whose presence predicted resistance to ETEC, including Sutterella sp., Prevotella copri and Bacteroides vulgatus. 23 If further studies confirm that these organisms are protective against ETEC, travellers could undergo faecal microbiota analysis prior to travel to predict their level of colonization resistance to ETEC; if resistance is predicted to be low, physicians may be able to recommend custom prebiotics, probiotics, or even faecal transplants (in severe cases) to help prevent travellers' diarrhea. Since there is no evidence that current probiotics can prevent travellers' diarrhea, 46 such next-generation probiotics could be a major advance in maintaining travellers' health. Conflict of interest: None declared.
